Estradiol has been shown to interact with the cholinergic system to affect cognition in postmenopausal women. This study further investigated the interaction of estradiol and cholinergic system functioning on verbal memory and attention in two groups of healthy younger (ages 50-62) and older (ages 70-81) postmenopausal women. Twenty-two postmenopausal women were randomly and blindly placed on 1 mg of 17-beta estradiol orally for 1 month then 2 mg for 2 months or matching placebo pills after which they participated in three anticholinergic challenge sessions when verbal memory and attention were assessed. Subjects were administered either the antimuscarinic drug scopolamine (SCOP), the antinicotinic drug mecamylamine (MECA), or placebo. After the first challenge phase, they were crossed over to the other hormone treatment for another 3 months and repeated the challenges. Results showed that estradiol pretreatment significantly attenuated the anticholinergic drug-induced impairments on a test of episodic memory (the Buschke Selective Reminding Task) for the younger group only, while estradiol treatment impaired performance of the older group. The results suggest that younger subjects may experience more cholinergic benefit from estradiol treatment than older subjects, supporting the concept of a critical period for postmenopausal estrogen use.
Introduction
Cognitive changes in women after menopause have been widely reported (Halbreich et al., 1995) . The ability of estrogen therapy to reverse or prevent this decline is controversial. The evidence for the beneficial effect of estrogen therapy is robust in studies of women who have undergone surgical menopause (Phillips and Sherwin, 1992; Sherwin, 1988) . These studies show that women who took estrogen therapy (ET) showed less cognitive decline and even some improvement relative to those who received placebo. Additionally, a number of epidemiological studies have shown that women who take hormones during and/or after the menopause transition perform better on cognitive tests than women who do not take hormone therapy (e.g., Duka et al., 2000; Jacobs et al., 1998; Maki, 2005; Resnick et al., 1997; Smith et al., 2001 ).
While many studies have shown positive effects of ET on cognition after menopause, there are a number of studies that showed no benefit (Barrett-Connor and Kritz-Silverstein, 1993; Binder et al., 2001; Ditkoff et al., 1991; Grady et al., 2002; PoloKantola et al., 1998) . Recent findings from the Women's Health Initiative (WHI) and Women's Health Initiative Memory Study (WHIMS) have shown that the risk of diagnosis of dementia in women taking conjugated equine estrogen (CEE) alone and CEE and medroxyprogesterone acetate (MPA) was twice that of women in the placebo group (Shumaker et al., 2004 (Shumaker et al., , 2003 . However, the WHI study was not designed as a study of cognition and was primarily a study of cardiovascular prevention, thus the women were older than is typical for postmenopausal hormone therapy. Thus, the data are at best conflicting regarding the usefulness for estrogen to positively affect cognition among older women.
In the WHI/WHIMS study the women were older, an average age of 65, when the study began. One hypothesis for the lack of a beneficial effect of estrogen and even the finding of negative effects is that the subject group was too old to benefit from the hormone therapy. In prior studies where the subjects were younger than 65 when they started estrogen therapy, beneficial effects were seen (Joffe et al., 2006; Phillips and Sherwin, 1992; Shaywitz et al., 2003; Sherwin, 1996; Woo et al., 2003) . In addition to the WHI/WHIMS study, other studies with women over 65 have shown no benefit of estrogen treatment (Almeida et al., 2006; Viscoli et al., 2005; Yaffe et al., 2006) . These findings have led to the proposal of a critical period for an estrogen benefit on cognition (Resnick and Henderson, 2002; Maki, 2006; Sherwin, 2007) .
The current study examined the influence of age on the ability of 17-beta estradiol (E2) to affect cholinergic system functioning. A number of studies from the animal literature show that an intact cholinergic system is necessary to see a beneficial effect of estrogen treatment (e.g., Gibbs and Aggarwal, 1998; Tinkler and Voytko, 2005) . For example, the detrimental effects of SCOP on memory for passive avoidance were attenuated when ovariectomized rats were given E2 . Voytko and colleagues (Tinkler and Voytko, 2005; Voytko, 2002) have shown that E2 modulates attentional performance in primates through its interaction with the cholinergic system. After ovariectomy, monkeys were impaired during invalid cues in an attention task. This impairment was improved after E2 and not after placebo (Voytko, 2002) . Thus, E2 uses the muscarinic cholinergic system to influence visuospatial attention (Tinkler and Voytko, 2005) . We have also demonstrated the E2-cholinergic interaction in postmenopausal women (Dumas et al., 2006) . We found that 3 months of 1 mg of E2 per day attenuated the impairment seen during anticholinergic drug challenge on tests of attention and tests with a speed component.
Further evidence examining the estrogen-cholinergic interaction in older women has been shown in a single photon emission tomography (SPET) study by Norbury and colleagues (Norbury et al., 2007) . They examined the relationship between muscarinic receptor density and estrogen therapy in younger premenopausal women and two groups of older postmenopausal women who were either long-term users of estrogen therapy or never-users. Younger women had more muscarinic receptors than either group of older women. Additionally, their data showed that ET users had a higher density of muscarinic receptors than never-users (Norbury et al., 2007) . Thus, these data contribute to the accumulating evidence showing an important relationship between estrogen and the cholinergic system in postmenopausal women.
In the current study, we have continued to utilize both a muscarinic antagonist, scopolamine (SCOP) and a nicotinic antagonist, mecamylamine (MECA), in our E2-cholinergic model. Our prior study (Dumas et al., 2006) found interactions of E2 with both the muscarinic and nicotinic antagonists and have extended the investigation of these interactions in the current study. While the prior animal studies (e.g., Gibbs and Aggarwal, 1998; Tinkler and Voytko, 2005) and the imaging study by Norbury et al. (2007) showed specific evidence of the estrogen-muscarinic interaction, these studies did not assess the estrogen-nicotinic interaction. In addition, there was some indication that E2 also attenuated the effects of the anticholinergic drugs on a measure of verbal memory but this effect did not reach significance in our prior study (Dumas et al., 2006) . However, only one dose of E2 was tested and the possibility exists that brain systems and/or cognitive operations may be differentially sensitive to E2 dose. In the current study we examined the effect of 2 mg per day of E2 in our cholinergic challenge model to further examine the E2-cholinergic interaction in younger and older postmenopausal women.
Methods

Subjects
Subjects were 22 cognitively normal women, ages 50-81, M = 65 (SD= 10.2). Four additional subjects passed the screening but withdrew before beginning hormone treatment because of the time commitment of the study. Subjects were stratified during recruitment by age into two groups. The younger group was ages 50-62 (M =55.8, SD= 4.3, N = 11). The older group was ages 70-81 (M = 74.3, SD = 3.7, N =11). See Table 1 for demographic characteristics.
Subjects were recruited through notices and advertisements in local newspapers and direct mailings. Subjects were required to be postmenopausal, without menses for 1 year and without surgically induced menopause. Exclusion criteria included smoking, a history of breast cancer, and use of hormone therapy during the last year. Twelve subjects had previously taken hormone or estrogen therapy after menopause. The length of time of prior hormone use ranged from 1 week to 6 years (see Table 1 ). Medical exclusion criteria for E2 treatment included: contraindications for hormone therapy, estrogen-dependent neoplasia, untreated blood pressure greater than 160/100, history of deep vein thrombosis or other thromboembolic disease, hepatoma, severe migraines or stroke on oral contraceptives, current use of barbiturates, rifampin, insulin, carbamezepine, oral hypoglycemics, antidepressants, or lipid-lowering drugs, known intolerance to conjugated estrogens, diabetes, untreated thyroid disease, clinical osteoporosis, and a history or presence of severe menopausal symptoms. In addition, the following exclusions applied to the challenge drugs: heavy alcohol (more than an average of 1 drink per day) or coffee use (more than three cups per day), significant cardiovascular disease, asthma, active peptic ulcer, hyperthyroidism, pyloric stenosis, narrow angle glaucoma, epilepsy, or current Axis I psychiatric disorders. The alcohol criterion was used to ensure that that subjects were not alcohol dependent, and the caffeine criterion was used to ensure that subjects would not experience caffeine withdrawal on testing days.
Upon meeting these criteria, subjects were approved for further screening at the University of Vermont (UVM) General Clinical Research Center (GCRC). After signing informed consent documents, subjects gave a medical history and underwent a physical and laboratory tests assessing hematopoietic, renal, hepatic, and hormonal function. Subjects were cognitively evaluated using the Mini Mental State Exam (MMSE; Folstein et al., 1975) , Brief Cognitive Rating Scale , and the Mattis Dementia Rating Scale (DRS; Jurica et al., 2001 ) to establish a Global Deterioration Scale score (GDS) which rated the degree of cognitive impairment . Subjects were required to have an MMSE score greater than or equal to 27, a DRS score of 123 or greater, and a GDS score of 1 or 2.
Behavioral screening consisted of a partial Structured Clinical Interview for DSM-IV-TR (SCID; First et al., 2001) to establish the presence/absence of Axis I psychiatric disorders. In addition, subjects completed the Beck Depression 
Inventory (BDI)
. A cutoff score of 10 was used for the BDI, and subjects scoring over this criterion were discontinued from further participation. All subjects met these criteria for the cognitive and behavioral screening.
Study design
The overall study design was a 2 (age group: younger and older) by 2 (E2 treatment: E2 and placebo) by 3 (cholinergic challenge drug: 2.5 μg/kg SCOP, 20 mg MECA, and placebo) design. E2 treatment and cholinergic challenge were completely within-subjects manipulations.
Estradiol administration
After meeting all inclusion criteria, subjects were randomly and blindly assigned to the E2 or placebo condition for 3 months (Phase 1). In the E2 condition, subjects took 1 mg of 17-beta E2 per day for 1 month and then 2 mg per day for 2 months. This was done because early pilot trials revealed that typical estrogen-related side effects (e.g., breast tenderness or spotting) tended to be troublesome if a subject was begun on 2 mg of E2 from the beginning. Using 1 mg of E2 for the first 30 days minimized these problems. In the placebo condition, subjects took similar appearing placebo pills for 3 months. After 3 months, subjects completed three challenge days (described below). They were then crossed over to the other condition, either placebo or E2, for another 3 months (Phase 2) and completed three more challenge days after those 3 months. After completion of the second phase of the study, all subjects took 10 mg per day of medroxyprogesterone acetate for 12 days to produce sloughing of any endometrium that developed.
Cholinergic challenge procedure
After 3 months of E2 or placebo treatment, subjects came to the UVM GCRC for three cholinergic challenge days. On each challenge day, subjects reported to the UVM GCRC by 0900. Each participant performed a baseline motor skill sobriety test to have as a comparison to a second test before discharge in the afternoon. An intravenous line (IV) was inserted and blood was drawn for an E2 assay. A double-blind, double placebo method of administration of the challenge drugs was followed. Subjects received one of the following medications: 2.5 μg/ kg SCOP IV, 20 mg MECA orally, or placebo (IV and oral). At time 0, a pill was administered containing the MECA dose or placebo. Thirty minutes later, an injection of the SCOP dose or placebo was administered through the IV. On each day only one of the drugs was active or both were placebo. The order of the drug administration across the 3 days was determined randomly but balanced for the two age groups. Ninety minutes after the injection and 2 h after oral pill administration, cognitive testing began at a running time of 120 min. After the cognitive testing, which took approximately 70 min, subjects were given lunch. Vital signs and pupil diameter were assessed at seven time points throughout the session, running times of 0, 30, 60, 120, 180, 210 , and 240 min. At the end of the study day, after passing the sobriety test to the satisfaction of the research nurse and covering physician, subjects were discharged.
Cognitive battery
The cognitive testing battery was constructed to evaluate a number of cognitive domains potentially sensitive to cholinergic manipulation as well as those domains affected by loss of and subsequent treatment with E2 similar to our prior study (Dumas et al., 2006) . These cognitive domains included tests of verbal episodic memory and attention. Before each of the challenge sessions, subjects were trained on the cognitive battery until they reached asymptotic performance to minimize learning or practice effects across sessions during each challenge phase. Equivalent forms were created for all testing and training days and these forms were counterbalanced evenly across study days for the younger and older subjects.
Verbal episodic memory
The Buschke Selective Reminding Task (SRT; Buschke, 1973) and the NYU Immediate Paragraph Recall test (Kluger et al., 1999) were used as measures of verbal episodic memory. In the SRT, subjects were read a list of 16 unrelated words balanced for word frequency and imagery followed by an immediate recall trial. On subsequent trials (up to eight), subjects were immediately reminded of words they had failed to recall on the prior trial. Three measures were obtained from the SRT task: the total number of words recalled across all lists, recall consistency, and recall failure.
For the NYU Immediate Paragraph Recall (PR) test subjects were read a short paragraph and then asked to recall the story. The dependent measure for the PR task was the number of information units recalled verbatim from memory.
Attention
The Critical Flicker Fusion (CFF) task (Kupke and Lewis, 1989 ) and the Choice Reaction Time (CRT) task (Hindmarch, 1984) from the Milford Test Battery and the Connors Continuous Performance Test (CPT; Conners, 1995) were used as the measures of attention. During the CFF task there were two different types of trials. In an ascending trial, the subject pressed a button that indicated when the frequency of flashing lights had increased to the point that the lights appear to be no longer flashing but rather appear continuously on ("fused"). The lights began flashing at a rate of 12 Hz and the frequency was increased to 50 Hz. In a descending trial, the participant pressed a button when the frequency of apparently fused lights was decreased such that lights began to appear to be flashing. The lights began flashing at 50 Hz and decreased to 12 Hz. The participant needed to respond before the frequency hits the upper or lower limit in each trial. The participant was presented with three of each trial type. Dependent measures for this task were the median detection frequency across all trials, as well as the median detection frequency on the ascending and descending trials separately. The CRT task was a reaction time task in which subjects kept their index finger on a "home" light sensitive diode (LSD) until one of six LED lights arrayed in a semicircle, approximately 25 cm from the "home" key, was lit on the response box. The subject lifted her index finger and moved it to cover the LSD corresponding to the illuminated LCD. She then returned her finger to the "home" LSD. Three performance measures were obtained from the CRT. The first was the median total reaction time (RT) per trial. The second was the median recognition RT, the amount of time it took the subject to lift her finger off of the home LSD once the signal to respond appeared. The third measure was the median motor RT, the time it took the participant to move her finger and to cover the LSD corresponding to the illuminated LED.
In the computerized CPT task, individual letters appeared on the computer screen for 300 ms with a response period of 2 s for 120 trials for a total time of 4.6 min. Subjects were instructed to press a button when they saw an A followed by an X. The dependent measures were hits, errors of omission and commission, and hit reaction time.
Behavioral measures
After the cognitive battery was finished, subjects completed the behavioral assessment measures, the Profile of Mood States (POMS; McNair et al., 1971) and a Physical Symptom Checklist (PSCL).
Data analysis
Our main analysis of interest was whether 3 months of E2 treatment would attenuate the negative effects of the antimuscarinic and antinicotinic cholinergic drugs on memory performance differentially for the younger and older groups.
First, we investigated the effect of E2 treatment on cognitive performance by examining cognitive performance on the placebo challenge day (see Table 2 ). A 2 (E2 treatment: E2 and PLC) × 2 (age group: young and old) mixed model repeated measures ANOVA was run for each dependent measure. Second, we examined the effect of the anticholinergic drug challenge on cognitive performance (see Table 3 ). We calculated difference scores for the dependent measures from each task. Performance on the placebo challenge day was subtracted from performance on each of the other cholinergic challenge days (within a phase) in an effort to examine the specific effects of the cholinergic drugs on cognitive performance. This was done to control for anticipated baseline differences in performance for subjects in different phases of the study. Then we used one sample t-tests to test for effects of each of the anticholinergic drugs separately for each age group. A significant finding indicated that a cholinergic drug affected performance on a specific task. Finally, we examined the ability of E2 to attenuate the anticholinergic induced impairment for both age groups on our cognitive tasks, behavioral measures, and vital signs. The effects of SCOP and MECA were analyzed in separate models in order to examine the ability of E2 to attenuate anti-muscarinic and anti-nicotinic induced cognitive impairment separately. For the SCOP challenge day, 2 (E2 treatment: E2 and PLC) × 2 (age group: young and old) mixed model repeated measures ANOVAs were run for each dependent measure. For the MECA challenge day, 2 (E2 treatment: E2 and PLC) × 2 (age group: young and old) mixed model repeated measures ANOVAs were run for each dependent measure. If E2 attenuated the negative effects of the anticholinergic drugs on memory or attention, then main effects of E2 treatment would be seen in these analyses.
In the behavioral and vital signs analyses, when significant effects of E2 treatment were found, we used the behavioral or vitals signs measure as a covariate in any cognitive analysis that found significant effects of E2. This 
Results
For the analyses that follow, an alpha level of p b 0.05 was considered statistically significant.
The effects of age on the estradiol-cholinergic interaction
Verbal episodic memory
For the Buschke SRT on the cholinergic placebo challenge day, there was a trend for an age effect for the total recall (F(1,20)= 4.14, p N 0.05), recall consistency (F(1.20) = 3.12, p N 0.09), and recall failure (F(1,20) = 3.97, p N 0.06) measures. For these three measures the pattern of means showed that younger subjects recalled more words, were more consistent, and had fewer recall failures relative to the older subjects (see Table 2 ). There were no effects of E2 treatment or interactions of E2 treatment and age. Next we examined the effects of SCOP and MECA on Buschke SRT performance separately for younger and older subjects. For the younger adults, there were impairments for the SCOP analysis on total recall (t(10)= 4.76, p b 0.001), recall consistency (t(10)= 5.66, p b 0.001), and recall failure (t(10)= 3.89, p b 0.01). For the MECA analysis, younger subjects were impaired on total recall (t(10) = 2.53, p b 0.05) and recall consistency (t(10) = 2.44, p b 0.05). The older subjects were impaired on the total recall during the SCOP challenge (t(10)= 2.34, p b 0.05), while there were no impairments from the MECA challenge. Finally, we examined the ability of E2 treatment to attenuate the impairment during the anticholinergic challenge and found interactions of age and treatment for all three dependent measures during the SCOP challenge (see Table 3 ). There were interactions of E2 and age on total recall (F(1,20) Fig. 1 ). When this interaction was probed, we found that, in the placebo hormone condition, the younger subjects performed worse than the older subjects in the total recall (t(21)= 2.48, p b 0.05) and recall consistency (t(21)= 2.97, p b 0.01) when we controlled for baseline placebo challenge day performance. After E2 treatment this age difference disappeared for the total recall (t(21) = 0.45, p N 0.66) and recall consistency measures (t(21) = 0.71, p N 0.48). The pattern of means was similar for the recall failure measure in the placebo and E2 conditions, but the t-tests did not reach significance for the placebo comparison. There was also a trend for older adults to have less recall consistency after the E2 phase compared to the placebo phase (t(21) = 2.04, p N 0.05). The pattern of means was similar for the total recall and recall failure measures showing the E2 impaired performance for the older subjects on this task. In all cases for the SCOP challenge, these interactions showed that E2 relative to placebo improved performance for the younger group and impaired performance for the older group on the SRT measures.
For the MECA challenge, there was a trend towards a significant interaction on recall consistency (F(1,20) = 3.37, p = 0.08; see Table 3 ). The pattern of means was similar to the SCOP challenge where the younger group showed improvements after E2 treatment while the older group showed impairments after E2 treatment.
For the Paragraph Recall on the cholinergic challenge day, there was a trend towards an age effect on the total units recalled (F(1,10) = 4.07, p N 0.05) and the pattern or means showed that younger adults recalled more units than the older adults (see Table 2 ). There was no effect of E2 treatment nor an interaction of age and E2 treatment. Next we examined the effects of SCOP and MECA on Paragraph Recall performance separately for younger and older subjects. For both the younger and older Fig. 1 . Difference scores on the Buschke SRT on the SCOP challenge day. Difference scores were calculated by subtracting placebo challenge day performance from SCOP challenge day performance. For all three measures there was a significant age by treatment interaction that showed that the younger group improved with estrogen treatment while the older group is impaired. subjects, neither the SCOP nor MECA challenges impaired performance. Finally, we examined the interaction of E2 and age on Paragraph Recall performance for the SCOP and MECA challenges separately. There were no main effects or interactions that involved E2 during SCOP or MECA challenge. During the SCOP challenge there was a main effect of age for number of units recalled (F(1,20) = 4.37, p b 0.05) that showed older group recalled more units than the younger group. There were no effects under MECA challenge (see Table 3 ).
Attention
On the CFF, there were no effects of E2 treatment or age on the dependent measures from this task: rising, falling, or total median frequency (largest F: F(1,20) = 2.06, p N 0.17) during the cholinergic placebo day. Next we examined the effects of SCOP and MECA on CFF performance separately for younger and older subjects (see Table 2 ). For the younger subjects, SCOP impaired CFF performance as measured by the median total frequency (t(9) = 3.05, p b 0.05) and the median falling frequency (t(9) = 2.53, p b 0.05). The younger subjects were not impaired during the MECA challenge day. The older subjects showed a different pattern of anticholinergic effects with no impairments during the SCOP challenge and impairments after MECA challenge on the median falling frequency (t(9) = 2.89, p b 0.05) and trend towards impairment on the median total frequency (t(9) = 1.98, p N 0.08). Finally, there were no main effects or interactions of age and E2 treatment for either the SCOP or MECA analysis (largest F for the SCOP analysis: F(1,20) = 0.71, p N 0.4; MECA analysis: F(1,20) = 1.81, p N 0.2; see Table 3 ).
For the CRT, the analysis of the E2 effect during the placebo cholinergic challenge day showed only an effect of age group on the median motor RT (F(1,20) = 5.88, p b 0.05) that showed older subjects had longer motor RTs than younger subjects (see Table 2 ). Next we examined the effects of SCOP and MECA on CRT performance separately for younger and older subjects. For the younger subjects, neither SCOP nor MECA impaired RT on any of the CRT measures (largest t: t(10) = 1.27, p N 0.23). For the older subjects, SCOP impaired recognition RT (t(10) = 3.10, p b 0.05) and total RT (t(10) = 2.25, p b 0.05) on the CFF. There were no main effects or interactions of age and E2 treatment for either the SCOP or MECA analysis (largest F for the MECA analysis: F(1,20) = 2.37, p N 0.15; SCOP analysis: F(1,20) = 1.46, p N 0.25; see Table 3 ).
For the CPT, there were no effects of E2 treatment or age on performance (largest F: F(1,20) = 2.27, p N 0.15) during the cholinergic placebo day (see Table 2 ). Next we examined the effects of SCOP and MECA on CPT performance separately for younger and older subjects. Younger subjects were impaired during the SCOP challenge on measures of hits (t(10)= 3.15, p b 0.01) and errors of omission (t(10) = 3.01, p b 0.05), and during the MECA challenge there were trends towards impairment on hits (t(10) = 1.94, p N 0.08) and errors of omission (t(10) = 1.94, p N 0.08). Older subjects only showed trends towards impairments during SCOP challenge on measures of errors of commission (t(9) = 2.09, p N 0.06) and hit RT (t(9) = 1.94, p N 0.08), and there were no impairments during MECA challenge. Finally, we examined whether E2 attenuated these anticholinergic-induced impairments on CPT performance and there were no interactions of age and E2 treatment for the SCOP analysis, but there were Table 3 ).
Behavioral measures
Questionnaires assessing mood and physical symptoms were administered after cognitive testing was completed to examine whether there were any negative mood or physical symptoms as a result of the E2 treatment and challenge drugs. Difference scores were calculated for each of the SCOP and MECA challenge days relative to the placebo challenge day similar to the cognitive data analysis. To preview the results from the behavioral assessments, E2 treatment did little to influence subjective or objective behavioral ratings. However, there were some effects of age that in general showed that the younger group reported more behavioral symptoms than the older group (see Table 4 ).
On the POMS, main effects of age were found for some of the subscales on MECA and SCOP challenge days. During the SCOP challenge days, main effects of age were found for the vigor (F(1,19) = 19.9, p = 0.0003), fatigue (F(1,19) = 6.32, p = 0.02), confusion (F(1,19) = 5.56, p = 0.03), and total mood disturbance (F(1,19) = 5.37, p = 0.03) scores. On the MECA challenge day, there were effects of age on the vigor (F(1,19) = 6.56, p = 0.02), fatigue (F(1,19) = 4.63, p = 0.04), and confusion (F(1,19) = 8.00, p = 0.01) subscales. For both the MECA and SCOP challenges the younger group showed less vigor, more fatigue, and more confusion than the older group.
Age main effects were also found on the PSCL for SCOP (F(1,20) = 6.58, p = 0.02) and MECA (F(1,20) = 10.38, p = 0.004). The younger subjects reported more physical symptoms during the anticholinergic challenges than the older group.
Vital signs
Blood pressure, pulse, and pupil diameter were monitored at seven time points throughout the challenge day. Analyses were conducted on the maximum change score from the baseline measurement for each variable (see Table 5 ). Importantly, no effects involving E2 were significant for any of the dependent measures. Main effects of age were found on the pupil diameter measure during SCOP (F(1,20) = 6.32, p = 0.02) and MECA (F(1,20) = 4.75, p = 0.04) challenge days. In both cases, the younger subjects had larger pupil diameter changes than the older group.
Relationship between verbal memory and behavioral, vital signs, and demographic measures
In an effort to determine whether the E2 and age interactions observed during SCOP challenge on the SRT were the result of changes in mood or physical symptoms covariate analyses were conducted. We used 2 (E2 treatment: E2 and PLC) × 2 (age: young and old) mixed model ANCOVAs during the SCOP challenge day using POMS total, PSCL total, and pupil diameter as covariates in each model. In all cases for the SRT, the E2 and age interactions remained significant (p = 0.04 for POMS total, p = 0.03 for PSCL total, and p = 0.01 for pupil diameter). Thus, changes in mood and physical symptoms as a result of the challenge drugs did not alter the relationship between age group and E2 treatment found on the SRT.
In addition, we examined the potential relationship between cognitive performance and demographic variables such as education, BMI, and years since menopause. There were no age differences or correlations with cognitive performance for education and BMI. There was an expected age difference in years since menopause (t(21) = 5.31, p b 0.001). However, only one correlation was found between the hit RT measure from the CPT and years since menopause (for the younger subjects only, r = −0 .69, p b 0.05). When we used years since menopause as a covariate in the analysis of the CPT hit RT for the SCOP challenge, the statistics and data patterns did not change. There were no effects of age or E2 treatment and no interaction. Thus, these demographic factors did not explain the data patterns found in this study.
Discussion
The major finding of this study is that the beneficial effects of E2 on verbal memory were seen for a younger group (mean age 55.8) of postmenopausal women and not for an older group (mean age 74.3) of subjects. More specifically these beneficial effects of E2 were only seen during the anticholinergic challenge with the muscarinic antagonist SCOP, although trends were in this direction for the nicotinic antagonist MECA. Thus, this study provides experimental evidence for the epidemiologic finding that younger postmenopausal women may benefit from E2 therapy while older women may not. The existence of a critical period for the beneficial effects of estrogen has been proposed by a number of researchers after review of the prior epidemiological, clinical trial, and animal literature examining the effects of estrogen on cognition (Resnick and Henderson, 2002; Maki, 2006; Sherwin, 2007) . This study was specifically designed to examine the effects of age on the ability of E2 to attenuate the impairment seen from anticholinergic challenge. Importantly, support for the critical period hypothesis was not seen when we examined the effect of E2 therapy on memory performance alone without the cholinergic challenge. This finding may help to the further specify the hypothesis of age-specific benefits to include a role for the cholinergic system with regard to the E2 effect. Based on the results of the current study, beneficial effects of E2 will be seen when the cholinergic system is temporarily impaired in younger women.
These data also showed different patterns than the data from our prior study examining the E2-cholinergic interaction (Dumas et al., 2006) . In that study, 1 mg of E2 per day attenuated the anticholinergic impairment on tests of attention and tests with a speed component. The pattern of means on the SRT was in the direction that indicated that E2 may attenuate the anticholinergic impairment with additional manipulations. In the current study, we increased the E2 dose to 2 mg per day. This increase in E2 dose revealed the age by E2 interaction on a verbal memory measure and showed that E2 was beneficial only for the younger subjects. We found no effects of the E2 treatment on the measures of attention but did show a significant E2-cholinergic interaction in our prior study. However, in the current study, the anticholinergic drugs did not cause impairments on the attention tests. One explanation for this finding is that we used only single doses each of SCOP and MECA in the current study while we used two doses each in Dumas et al. (2006) . These doses represented the low and high doses of SCOP and MECA, respectively, used in Dumas et al. (2006) . The reason for this choice was in part logistical to successfully run 22 subjects through a very long and intense study in a reasonable amount of time. However, this choice limited our ability to see a full range of E2-cholinergic interactions. Thus, the lack of E2-cholinergic interactions on the attention measures may have been limited by the dosage restrictions.
The results suggest that additional factors may play a role in the presence or absence of this interaction which were not assessed here, including individual genetics (e.g., apolipoprotein E), history of cognitive complaints, and brain morphology, all of which have been shown individually to be related to the degree of cognitive responsivity to either E2 treatment, cholinergic drug challenge, or risk of memory impairment (Kozauer et al., 2007; Saykin et al., 2006; Wishart et al., 2006) . These factors will be assessed proactively in future studies. A second issue related to the dose of E2 chosen. In our prior study (Dumas et al., 2006) we used 1 mg of E2 while here we used 2 mg per day. Differences in effects of the E2-cholinergic interaction on verbal episodic memory in this study and the prior study may be explained by this difference. Why effects on attention and speed measures were less prominent in the present study is less clear. Little work has been done on dose-response effects of E2 on cognitive functioning in humans, largely because of the logistical difficulties inherent in these studies. It may be that different doses of E2 have differential effects on particular neurochemical systems, e.g., basal forebrain cholinergic systems, hippocampus, etc.
In addition, our data showed effects of the E2-cholinergic interaction on the Buschke SRT but not on the Paragraph Recall test. While both tasks are verbal episodic recall tasks, they differ on the amount of organization in the to-be-remembered information. On the Paragraph Recall test subjects had to recall a short story and on the SRT subjects recalled a list of 16 unrelated words. Prior research shows that subjects remember related words better than unrelated words (Hunt and Einstein, 1981) and that participants remember a series of statements better if they are given an organizational framework for understanding the statements than if they are not (Bransford and Johnson, 1972) . As a result, relative to the SRT, Paragraph Recall may be an easier task. There is much evidence from the animal literature that describes the increasing involvement of the cholinergic system with increasing task difficulty (Sarter et al., 2003) . Thus, the differential task difficulty in the SRT and Paragraph Recall tests may explain their differential sensitivity to the E2-cholinergic interaction.
Another interesting result from this study is the finding that younger postmenopausal women were more reactive to the anticholinergic challenges and showed greater changes on the memory, behavioral, and vital signs measures than the older women. The mechanism for this finding may be related to the aging hippocampal memory system. Cholinergic input to the hippocampus may be important for determining the efficiency of the hippocampal mechanisms in older adults (Decker, 1987) . Prior research shows that aging impairs hippocampally mediated cognitive processes like episodic memory (Landfield, 1988; Light et al., 1986) . With increased age, cholinergic inputs to the hippocampus may deteriorate and result in a breakdown of these memory processes. Wink and colleagues (Wink et al., 2006) have shown that the processes of aging affect hippocampal integrity in a similar manner as SCOP challenge thus implying that aging may be a similar process to loss of cholinergic input. In younger postmenopausal women, these cholinergic inputs may be relatively intact and may be more sensitive to cholinergic manipulation while in older women these cholinergic inputs to the hippocampus may have already deteriorated. Prior studies with muscarinic blockade have shown that elderly subjects tend to be more sensitive than younger subjects to cholinergic blockade Sunderland et al., 1988) , however these studies were small, included both sexes, and did not examine explicitly middle-aged versus older females not on hormone therapy. Thus, the question of whether age interacts with hormone status to change cholinergic sensitivity is not settled. Estrogen status or time since menopause may be a critical determinant of cholinergic system integrity and thus may play a role in determining sensitivity to cholinergic system challenge.
There are strong links suggesting that estrogen status is important to cholinergic functioning. A series of investigations in animal models have shown that long-term loss of brain estrogen produces a decrease in the functional status of basal forebrain cholinergic neurons, particularly projecting to the hippocampus and cortex (Gibbs, 1998) . Furthermore, in this investigation, treatment with E2 within 6 months partially restored choline acetyltransferase (ChAT) mRNA in the medial septum and trkA mRNA in the nucleus basalis. In addition, Gibbs (2000) and Markowska and Savonenko (2002) have shown that if E2 treatment in rats is delayed 10 or 9 months, respectively, after ovariectomy, beneficial effects of E2 treatment are not seen and are further evidence for a "window of opportunity" to see a beneficial effect of E2 treatment (Gibbs and Gabor, 2003) .
The importance of the estrogen-cholinergic interaction has also been shown in animals performing learning and memory tasks. E2 administration up to 72 h prior to testing to ovariectomized rats completely counteracted the negative learning effects of the cholinergic antagonist scopolamine on alternation learning (Dohanich et al., 1994) . E2 replacement in ovariectomized rats enhanced acquisition of spatial memory tasks and partially blunted the effects of hippocampal administration of the anticholinergic scopolamine (Gibbs, 1999) . In a radial arm maze task, 30 days of E2 administration to ovariectomized rats improved working memory and prevented the amnestic effects of scopolamine (Fader et al., 1999) . E2 administration attenuated the negative effects of scopolamine and lorazepam on multiple trial passive avoidance acquisition and retention; interestingly, the effect appeared to be specific to low and intermediate but not high serum levels of E2 . A single subthreshold dose of E2 was able to potentiate the effects of the cholinergic or glutamatergic agonist on avoidance learning when administered directly to the hippocampus (Farr et al., 2000) . Studies in primates have also shown that E2 effects on visual spatial attention appear to be modulated by cholinergic muscarinic receptors (Tinkler and Voytko, 2005) .
However, the ability of E2 to enhance cholinergic function may be age-related. Savonenko and Markowska (Savonenko and Markowska, 2003) found that the ability of E2 to decrease behavioral vulnerability to scopolamine was limited to younger ovarectomized animals and was not seen in older rats. The ability of E2 to enhance basal forebrain cholinergic function appears to decline with age and with the time since loss of endogenous hormonal support. E2 alone or E2 plus progesterone up to 3 months after ovarectomy produces mutually more improvement on spatial memory performance than in animals for whom a 10 month delay occurred in E2 administration. Daniel and colleagues (Daniel et al., 2006) showed that if E2 is administered to rats immediately following ovarectomy, improvements are seen in acquisition and delay trials of a working memory task, but not seen if E2 administration is delayed for up to 5 months. However some primate studies have shown that E2 benefits cognitive performance even when administration is delayed after ovarectomy or natural menopause even for several years (Lacreuse, 2006; Lacreuse et al., 2002; Rapp et al., 2003) . The reason for this discrepancy is not clear, but the length of the "window" or critical period may be quite different depending on the natural life span of the animal. For humans, it may extend for several years, potentially even up to a decade.
These data suggest that part of the reason that several prior studies have not seen significant effects on cognitive performance in the early postmenopausal period with estrogen therapy may be the lack of significant cholinergic impairment at this age. Thus, if a significant part of E2 effects on cognitive performance is mediated through cholinergic system stimulation or maintenance, the lack of significant cholinergic dysfunction at the age that most women go through menopause means that it will be difficult to demonstrate cognitive improvement. However, in the model described in this paper and in our prior work (Dumas et al., 2006) cholinergic dysfunction is produced artificially, much as it is in animal models, allowing the E2 effect to be expressed. Thus the primary motivation for estrogen therapy after menopause in terms of preserving cognitive function may be through its actions to sustain and/or preserve cholinergic system integrity which may tend to counteract effects of aging without hormones and/or the addition weight of pathologic conditions that are detrimental to cholinergic system functioning such as Alzheimer's disease. Loss of this support of the basal forebrain cholinergic system may be a primary reason why women are at higher risk for developing Alzheimer's disease and the magnitude of the sex difference in risk tends to increase with age. As the cholinergic system ages, the ability of E2 to provide sustained benefit may decline and thus not only may there be critical period for initiation of administration of E2 therapy, but there may also be an optimal length of time. How long that period may be will have to be the subject of future research.
